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GARD, INC., N i l e s ,  I l l i n o i s  
The purpose o f  t h i s  p r o j e c t  was t o  t r y  t o  develop a continuous lump coal  
d r y  feeder f o r  a pressur ized f l u i d i z e d  bed c o x h s t o r .  The approach was t o  
adapt t he  comnerc ia l ly  a v a i l a b l e  Fu l ler -K inyon pump t o  feed coai  aga ins t  a 
pressure d i f f e r e n t i a l  of 100 p s i  o r  more. The pump was mod i f ied  and t e s t s  
performed a t  var ious pressure d i f f g r e n t i a l s ,  w i t h  d i f f e r e n t l y  p i t ched  screws, 
var ious screw r:tat ional speeds, and var ious seal lengths and c o n f i g u r a t i o r ~ s .  
Successful operd t ion  07 t he  m d i f  i e d  F u l l  er-Kinyon pump was genera? l y  
l i m i t e d  t o  pressure d i f f e r e n t i a l s  o f  60 p s i  o r  l ess .  Although the  r e s u l t s  o f  
t h i s  p r o j e c t  a re  no t  conclusive,  t e s t  data and observat ions here  made t h a t  
ind ica ted  t h a t  h igher  pressure d i f f e r e n t i a l s  cou ld  be a t t a i ned  by f u r t h e r  
mcd i f i ca t i ons  of t he  t e s t  setup. I n  p a r t i c u l a r ,  it i s  recommended t h a t  
f u r t h e r  t e s t i n g  be performed a f t e r  r ep lac i ng  t h ?  40-h~rsepower pvmp mc~tcr 
p resen t l y  i n  t he  t e s t  setup w i t h  a motor having a s i g n i f i c a n t l y  h igher  power 
r a t i n g  ( thereby a l l ow ing  pump opera t ion  w i t h  langer sea is  and a t  h igher  
pressure d i f f e r e n t i a l s  than those t es ted  so f a r ) .  
PURPOSE OF PROJECT 
in t h e  prcces3 "i = I . . :  A :  --A ' - A  ---' I I U ; ~ ~ L C U  LICU t , ~ ~ ~ ~ ~ ~ S L L i ~ ~ ~  6 f  L V ~ ; ,  i f  tne  t i u i a l z e d  bed 
combustor i s  operated s u i t a b l y  p r e s s u r i i  d ,  o v e r a l l  power generat ing e f f i c ie r l cy  
--.>n be increased by expansion of the ho t  f l u e  gases through a gas t u r b i n e  i n  a 
co~:lbined c y c l e  p la :~t .  However, 'n t h i s  case, there i s  a need f o r  equipment t o  
cont inuous ly  and re1  i a b l y  l a r g e  q u a n t i t i e s  o f  coal  and do lomi te  i n t o  the 
p r e s s u r i ~ e d  combustor. 
A screw-type feeder such as t h a t  mar~ufactured by the  Fu;ler Company f o r  
the low pressure d i f f e r e n t i a l s  used i n  pneumatic conveying systems i n  the  
cebent irtdc. *-y ( t he  F u l l e r - K i r j c n  pump) appears t 3  o f f e r  p o t e n t i a l  f o r  t h i s  
a p p l i c a t i o n  provided t he  pump can be r o d i f i e d  and upgraded t o  meet systen 
and process requirements. Thus the general purpose o f  t h i s  p r o j z c t  has b w i  
t o  e s t a b l i s h  the  f e a s i b i l i t y  o f  us ing a screw-type feeder t o  feed l u m p  coal  
and l imestone cont inuous ly  i n t o  an app rop r i a t e l y  pressur ized vessel .  
S p e c i f i c a l l y -  the  ~ s s s i h i l i t y  o f  adapt ing the e x i s t i n g  design of the  F u l l e r -  
Kinyon pdmp t.o t h i s  app7 i c a t i o n  has been i i ikest igated . 
DESCRIPTION OF STANCARD FULLER-KINYON PUMP 
The Ful ler-Kinyon pump i s  used extensively  i n  pneumatic conveying systems 
fo r  i n j e c t i n g  mater ia ls  i n t o  pressurized pneurna t i c  conveying 1 ines. I n  normal 
appl icat ions,  the mater ia ls  conveyed are dry,  pulverized, and free-f lowing, 
and have a fineness o f  a t  l e a s t  100% passing 50 mesh, 7 5 9  passing 100 mesh, 
60% passing 200 mesh, and 45% ;?assing 325 mesh screens. The Ful ler-Kinyon 
prnp has operated w i t h  such mater ia ls  a t  pressure d i f f e r e n t i a l s  as high as 
50 psi .  It i s  currentl; avai lab le i n  I standard sizes w i t h  capaci t ies rangitrg 
from 8 t o  200 tons per ho...- ( i n  terms o f  port iand cen:ent). 
The Ful ler-Kinyon pump i s  shown i n  Figure 1 (cut-away view) and Figure 2 
(general assembly drawing - exploded view). The construct ion and operat ion 
o f  the pump f o r  pneumatic conveying s y s t m  appl icat ions are b r i e f l y  sumnarized 
ir; the f o l  lov ing  (items fol lowed by numbers i n  pareiltheses are correspondingly 
ca l l ed  out  i n  Figure 1). 
A l l  pa r t s  are mounted on a cast  i r o n  base (1) .  The mater ia l  t o  be 
conveyed enters the hopper (2)  by g rav i t y  from the sources of supply, 
and i s  advanced through the bar re l  ( 3 )  by the impel ler  screw (4 ) ,  
the l a t t e r  being d i r e c t l y  dr iven through a f l e x i b l e  coupling connected 
t o  the  d r i v i n g  motor. (The barre! i s  protected by renewable wear- 
r e s i s t a n t  l i ne rs ,  and the screw f l i g h t s  are a lso protected w i t h  a special  
a l l o y  t o  g ive a maximum o f  service. ) As mater ia l  advances through the 
brrel, i t  i s  compacted by the decreas'ng p i t c h  o f  the impel ler  screw 
f I ights, and i s  f u r the r  increased i n  uensi ty by the space c r  "sedl" 
between the terminal f l i g h t  o f  the impel ler  screw and face o f  the 
check valve d isc  (5). The exact densi ty  required i s  f u r t h e r  con t ro i l ed  
by an adjustment o f  the seal length by means o f  the screw jacks (6). 
(When there i s  no mater ia l  i n  the hopper, the check valve prevents the 
f l ow  o f  gas back i n t o  the  ba r re l  and screw. ) The mater ia l  then enters 
the check valve body 0,- n i x i n g  chamber ( 7 )  wherein i t  i s  f l u i d i z e d  
by compressed a i r  introduced through a series o f  a i r  j e t s  (8) and from 
there enters the t ransport  1 ine. 
The pump impel ler  screw i s  posit ioned i n  a hollow shaf t  ( 9 )  which i s  
supported by b a l l  bearings (10 and 11 ) i n  a s ing le  beat i n g  housing (12). 
The supporting shaf t  i s  ro ta ted  through an eccentr ic  lock c o l l a r  (13). 
There are  no packing glands. The mater ia l  i n  the hopper i s  sealed from 
the  bearings when the  pump i s  i n  operat ion and under pressure by means 
o f  a Graphitar air-cooled, fan-type seal r i n g  (15), i n  the chamber (16). 
The seal r i n g  i s  kept c lea r  o f  mater ial  fro.,; the hopper bv means o f  
compressed a i r  supplied through a i r  p ip ing  (17) frm the header (18). 
F ina l l y ,  the hr::?r sect ion has a catch b ~ s i n  on the bottom and a 
ciean-out door . ;.I) on each side. 
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DESCRIPTION OF THE DESIGN CONCEPT INVESTIGATED 
The major mod i f i ca t ion  t o  the Ful  ler -K inyon pump inves t iga ted  du r i ng  t h i s  
p r o j e c t  involved: 1) removal of the  check valve, the mix ing chanber, and the  
a i r  j e t s  from the  ou tpu t  end of  t he  pump, and 2 )  extension o f  the b a r r e l  ( i n  
var ious con f igura t ions)  beyond the  te rmina t ing  f l i g h t  o f  the  screw t o  prov ide 
add i t i ona l  leng th  o f  extruded ma te r i a l  f o r  sea l ing  purposes. 
The ob jec t  o f  t h i s  mod i f i ca t i on  was t o  preserve the mater ia l  t r ans fe r  
c a p a b i l i t y  o f  the  Ful ler -K inyon pump w h i l e  a t  the same t ime obta in ing,  f o r  
mate r ia ls  much coarser than normal ly  handled by the pump, a s u f f i c i e n t  le t ig th  
o f  extruded mater ia l  t o  provide, togethsr  w i t h  the mz te r i a l  contained i n  the  
screw, an acceptable and re1 i a b l e  seal aga ins t  pressure d i f f e r e n t i 3 l s  much 
h igher  than those normal ly  imposed on the pump. It appeared t h a t  w i t h  t h i s  
mod i f j ca t i on  o ther  a l t e r a t i o n s  i n  the e x i s t i n g  design o f  the  Ful ler -K inyon 
pump might  no t  be requi red.  
BACKGROUND WORK 
P r i o r  t o  t e s t i n g  o f  t he  design concept, considerable e f f o r t  was expended: 
1) analyz ing the avai  lab1 e background data or; the Fii; ;er-Kinyon pump t o  determine 
sca l ing  r e l a t i o n s h i p s  and t he  e f f e c t s  on pump performance o f  va r i a t i o r !  o f  such 
parameters as type o f  feed mater ia l ,  screw r o t a t i o n a l  speed, screw p i t ch ,  and 
screw compression r a t i o ;  2 )  analyz ing the  mechanics associated w i t h  forced 
motion o f  a s lug  o f  granular  ma te r i a l  i n  a tube (as i t  r e l a t e s  t o  the  concept 
o f  screw-type feeder operat ion involvinc, downstream ppessure seal i n g  by a 
cont inuously  extruded s lug  o f  feed ma te r i a l ) ;  and 3) making est imates o f  the 
var ious types o f  power consumption associated w i t h  the Ful ler -K inyon pump. 
( A l l  o f  these a n a l y t i c a l  e f f o r t s  a re  summarized i n  d e t a i l  i f i  Reference 1.) 
I tem 1 was aimed p r i m a r i l y  a t  p rov id ing  a bas is  f o r  a e f i n i n g  the t e s t s  
t o  be conducted l a t e r  i n  the p r o j e c t  w i t h  a mod i f ied  Ful ler -K inyon pump. This 
ana lys is  l e d  t o  the  f o l l o w i c g  conclusions. F i r s t ,  constant -p i tch screws should 
be used i n  order  t o  avo id  poss ib le  ma te r i a l  com(,ression problems due t o  feed 
mater ia l  non-uniformi t y  and poor compaction cha rac te r i s t i c s .  Second, values of 
the  i n i t i a i  screw h e l i x  angle ( t h e  angle whose tangent i s  the r a t i o  o f  the 
i n i t i a l  screw p i t c h  t o  ~r times the screw ou te r  diameter) should be chosen which 
appeared l i k e l y ,  on t he  bas is  o f  a v a i l a b l e  data,  t o  maximize pump vo lumet r i c  
e f f i c i e n c y  f o r  t he  feed a ~ d t e r i d i s  uf i r~terbest .  Third,  t e s t s  should be run  
over a  s i g n i f i c a n t  range o f  ob ta inab le  screw r o t a t j o n a l  speed i n  order  t o  
e s t a b l i s h  an output-versus-rpm c h a r a c t e r i s t i c  curve f o r  the  feed ma te r i a l s  
o f  i n t e res t .  (This data would o f  course be of p a r t i c u l a r  i n t e r e s t  when 
cons ider ing  app l i ca t i ons  r e q u i r i n g  a  v a r i a b l e  feed r a t e  c a p a b i l i t y . )  
I tem 2 was d i r e c t e d  toward a i d i n g  i n  the  design cvf seal con f i gu ra t i ons  
which cou ld  p rov ide  t he  requ i red  seal w i t hou t  genewdt ing excessive loads on 
t he  pump. Based on t h i s  analys is ,  i t  was c o n c l u a ~ d  t h a t  i t  would be most 
advantageous t o  conduct t e s t s  w i t h  a  seal  enclosure f i r s t  cons i s t i ng  o f  a  
tube o f  constant  c ross -sec t ion  (having a l en9 th  somewhat l ess  than t he  
c r i t i c a l  l eng th  f o r  jamning) and then perhaps two somewhat d i f f e r e n t  d i v e r -  
gent, t runcated cones. 
I tem 3 was intended t o  p rov ide  a bas is  f o r  ec t imat ing  power consumption 
w i t h  t he  Fu l  le r -K inyon pump f o r  t h e  appi i c a t i o n  under i nves t i ga t i on .  Estimates 
were ml ? f o r  the  pump o f  t he  maximum r a t e  of doing work: 1)  aga ins t  a  pressure 
d i f f e r e n t i a l ,  2) i n  impar t ing  a x i a l  mot ion t o  t he  feed ma te r i a l ,  3 )  i n  impar t -  
ing  r o t a t i o n a l  mot ion t o  t he  feed m t e r i a l ,  and 4 )  associated ~ i t h  feed n!ateria! 
shear a t  t h e  te rm ina t ing  f l i g h t  o f  the screw. (No method was es tab l i shed  t o  
e s t i m ~ t e  t he  power consumed by f r i c t i o n  occur r ing  w i t h i n  the b a r r e l  o f  the  pump.) 
These est imates i nd i ca ted  a power requirement 1 .  the 4- inch diameter F u l l e r -  
Kinyon pump (exc lud ing the power consumed by fr ~ c t i o n  occur r ing  w i t h i n  t he  
ba r re l  o t  the  pump) o f  up t o  about 30 horsepower f r opera t ion  w i t h  an e f f e c t i v e  
seal aga ins t  a  gas pressure o f  100 ps ig .  
Ce r t a i n  requ i red  ma te r i a l s  p rope r t i es  t e s t s  were a lso  performed. Some o f  
these were requ i red  t o  complement the a n a l y t i c a l  r e s u l t s .  For example, the  
ana lys is  under i t em  2 requ i red  a determinat ion o f  the  l eng th  o f  feed ma te r i a l  
moving i n  a  smooth p i pe  a t  which the  phenomenon of jamning occurs. (Th i s  
de f ines  t he  maximum ob ta inab le  seal l eng th  f o r  feed ma te r i a l  i n  a  smooth pipe.)  
Other t e s t s  were requ i red  t o  determine, f o r  example, leak r a t e  as a  f u n c t i o n  
o f  t he  l eng th  o f  feed ma te r i a l  i n  a  column and the pressure d i f f e r e n t i a l  across 
the  column. (These and o ther  ma te r i a l s  p rope r t i es  t e s t s  a re  summarized i n  
d e t a i l  i n  Reference 1.) 
Three basic conclusions were made based on the  r e s u l t s  o f  these t es t s .  
F i r s t ,  on l y  very  l i m i t e d  compaction o f  the  ma te r i a l s  o f  i n t e r e s t  (corres-  
ponding t o  a 12% reduc t ion  i n  volume) can occur before the  onset of actua l  
mechanical compression. Second, reasonably long ma te r i a l  s lug 1 engths can 
be moved i n  tubes o f  constant c i r c u l a r  cross-sect ion. For example, " f r ee "  
mo~ement o f  s lugs o f  mate r ia l  up t o  a lec;+h-to-diameter r a t i o  o f  approxi-  
mately 7 c21 be expected f o r  a m ix tu re  o f  t y p i c a l  mois t  coal  and l imestone 
( 4 : l  by weight) ,  and " f r ee "  movement o f  cons iderably  longer  s lugs o f  such 
mater ia l  can be r e a l i z e d  i n  s l i g h t l y  d ive rgen t  t runcated cones. Third,  
r e l a t i v e l y  long ma te r i a l  s l ug  lengths appear t o  be requ i red  t o  obtair ,  
s u f f i c i e n t  sea l ing  aga ins t  the  pressure d i f f e r e n t i a l s  o f  i n t e r e s t  on t h i s  
pro ject .  ( I t  should be noted here tha t ,  Tor the mater ia ls  tested,  s lugs o f  
the d r y  ma te r i a l s  jamned a t  sho r te r  length-to-diameter r a t i o s  bu t  requ i red  
less  leng th  t o  achieve a g iven leak  r a t e  than d i d  s lugs o f  the mois t  
mater ia ls . )  
With respect  t o  the  t h i r d  conclusion, the  ac tua l  s lug  leng th  (of extrudcd 
feed ma te r i a l )  requ i red  w i t h  a modi f ied Ful ler -K inyon pump i s  o f  course h i g h l y  
dependent on the amount o f  feed mater ia l  contained w i t h i n  (and t he  degree o f  
" f i l l i n g "  i n )  the  pump b a r r e l  and screw, the compaction o f  the  feed ma te r i a l  
as i t  advances along the screw and i n  the  seal, and the  feed ma te r i a l  v e l o c i t y  
through the  pump and seal. Thus, t he  e f fec t i veness  o f  the  seai provided by a 
Ful ler-Kinyon pump operat ing w i t h  an extruded feed ma te r i a l  seal can o n l y  be 
accura te ly  determined by t e s t i n g  w i t h  the pump i t s e l f .  
FULLER-KINYaN PUMP TESTS 
I n  order  t o  develop the  design concept, e s t a b l i s h  i t s  performance 
cha rac te r i s t i c s ,  and evaluate i t  i n  terms o f  f e a s i b i l i t y ,  approximatcly 150 
t e s t s  were pe formed dur ing t h i s  p r o j e c t  w i t h  a mod i f ied  4- inch diameter 
Ful ler-Kinyon pump. The 4 .I d~ame te r  Fu l ler -K inyon pump, which i s  the 
smal lest  such pump marketed, w?s chosen p r i m a r i l y  t o  s a t i s f y  r e s t r i c t i o n s  i n  
the l abo ra to r y  w i t h  regard t o  power ava i  l a b i  1 i ty ,  r ece i ve r  pressure vessel 
s i ze  (as de te rmi r ,~d  by pump output  and des i red t e s t  t ime),  ava i l ab le  coal  
s t o r?  -e space f o r  t he  t e s t  program, and equf pment a v a i l d b i  1 i ty .  I n  oneumatic 
conveyins systeN app l i ca t ions ,  t h i s  pump has a ra ted  capac i ty  o f  up t o  8 tons 
p e r h o u r f o r T y p e 1 c e m e n t .  I t w a s  f e l t t h a t  t e s t r e s ~ l l t s o b t a i n e d w i t h t h i s  
pump could be scaled t o  the  100-ton-per-hour range w i t h  reasonable accuracy. 
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Tests were conducted p r i m a r i l y  w i t h  th ree  e s s e n t i a l l y  non-compressing 
screws. One was a 4-114" cons tan t -p i t ch  screw ( r e f e r r e d  t o  as a 4-1/4" x 
4-114" p i t c h  screw). The second was a 3-1/4" x 3" p i t c h  screw which o f f e red  
a s i g n i f i c a n t l y  reduced screw h e l i x  angle i n  comparison w i t h  t h a t  o f  the  
f i r s t  screw. (The p i k h  o f  a l l  f l i g h t s  on t h i s  screN was 3-114 inches w i t h  
t he  except ion of  a 3- inch p i t c h  f o r  the  l a s t  f l ight . , '  Th: t t , i r d  was a 1-1/2" 
cons tan t -p i t ch  screw ( r e f e r r e d  t o  as a 1-112" x 1-112'' p i t c h  screw). Other- 
wise, t he  th ree  screws were s i m i l a r ,  having an o v e i d l l  l eng th  of the f l i g h t s  
o f  27-318 inches, a f l i g h t  th icknsss o f  1/2 inch, and a sha f t  diameter o f  
2-118 inches. 
The f i r s t  two screws were s l i g h t l y  modi f ied fo r  the  t e s t  program w i t h  t he  
a d d i t i o n  o f  a " te rm ina l  taper "  a t  the  output  end of the screw t o  prevent the  
format ion o f  a vo i d  r eg ion  i n  t h e  extruded feed ma te r i a l  seal .  For each screw, 
t he  te rm ina l  taper  cons is ted o f  a cone which was welded t o  the  ou tpu t  end o f  
the  screw shaft .  Each cone was 4 inches i n  he igh t  and had a 2-118-inch 
diameter base. 
Seal enclosure con f igu ra t ions  tes ted  inc luded s t r a i g h t - p i p e  sect ions,  two 
d ive rgen t  t runcated cones, and s t r a i  gh t -p i  pe sect ions combined w i t h  these cones. 
Tests were conducted a t  screw r o t a t i o n a l  speeds between 1160 rpm ( t h e  
normal opera t ing  speed f o r  t he  Fu l ler -K inyon pump) and 570 rpm. P r i m a r i l y  f o r  
convenience, -1/4" coal  was, i n  generzl  , used as the  feed ma te r i a l  . However, 
some t e s t s  were a l so  conducted w i t h  -1/4" coal  r~i ixe? w i t h  -1/4", + l j X "  1 ime- 
stone (20% by weight ) .  Pressure d i f f e r e n t i a l s  ranged from zero t o  90 p s i .  
The Ful ler -K inyon pump l abo ra to r y  t e s t  :&up is best descr ibed by the  
schematic drawing shown i n  F igure 3 and t he  photographs o f  the  t e s t  setup 
which f o l l o w  (F igure  4 ) .  A close-up o f  one of the  seal enclosures ( t e s t  
sect ions)  i n s t a l l e d  i n  t he  t e s t  setup i s  shown i n  F iqure  5. 
General t e s t  procedure began w i t h  pneumatic conveying o f  the  feed ma te r i a l  
t o  t he  storage bit1 suspended f rom a load c e l l  above the mod'f ied 4- inch 
diameter Fu l ler -K inyon pump. For each t e s t ,  enough feed ma te r i a l  was placed 
i n  t he  storage b i n  t o  ma in ta in  a s u f f i c i e n t  feed ma te r i a l  head abob,ae the  pomp 
f o r  a cont inuous un i fo rm supply t o  the screw throughout the  test..  A t  the 
beginning o f  a t es t ,  t he  40-h~rsepower pump motor was s ta r ted ,  and once the 
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Figure 4 Fuller-Kinyon Pump 
Laboratory Test Setup: 
a) Feed Material Storage Bin and 
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selected ro ta t i ona l  speed had been reached, the r o t a r y  valve i s o l a t i n g  the  
feed mater ia l  storage b i n  from the pump uds then opened, thus a l l o ~ i n g  feed 
mater ia l  t o  enter the pump and t e s t  sect ion (seal enclosure). Feed mater ia l  
which had been extruded through the system would then accumulate i n  the 
receiver  vessel . 
For tes t s  w i t h  non-zero pressure d i f f e r e n t i a l s  , the receiver  vessel was 
maintained closed and was supplied w i t h  a s u f f i c i e n t  quant i ty  o f  i n e r t  gas 
a t  the s t a r t  of t e s t i n g  t o  pressur'ze the vessel t o  the desired l eve l .  I n  
general, pressur izat ion was perforrned as qu i ck l y  as possible a f t e r  establ ish-  
ment o f  a steady r a t e  o f  feed mater ia l  t rans fer  through the system. ( S i g n i f i -  
cant add i t iona l  pressur izat ion was seldom required t o  maintain the desired 
pressure level ,  w i t h  the exception, o f  course, o f  those tes ts  dur ing which the 
seal was no t  successful ly maintained,) 
Upon completion o f  a t e s t  and shutdown o f  the pump, the rece iver  vessel 
was vented, i f  required, and the accumulated feed mater ia l  was removed through 
a la rge  3 u t t e r f l y  valve a t  the bottom o f  the vessel ( the  feed mater ia l  would 
e i t h e r  be scrapped o r  recycled). A t  t h i s  time, samples were o f ten  taken t o  
determine the feed mater ia l  s ize  d i s t r i b u t i o n  aqd/or moisture content. 
i n  the event o f  seal loss  and rap id  depressurizat ion o f  the  rece iver  
vessel (blow-back) dur ing tes ts  w i t h  pressure d i f f e r e n t i a l s ,  ven t i  ny o f  the 
system occurred through the pump and feed mater ia l  storage b i n  t o  a dust 
co l l ec to r ,  and f o r  shor t  periods, t o  a venc i n  the r o ~ f  o f  the laboratory, 
Ti!? dust  c o l l e c t o r  was a l so  used dur ing pneumatic conveying o f  the feed mater ia l  
.;o the storage b i n  p r i o r  t o  tes t ing .  
The feed mater ia l  t rans fer  r a t e  ( feed r a t e )  through the system was deter-  
mined by continuously recording the output from the load c e l l  on a s t r i p  
char t  recorder. The input  power t o  the  43-hwsepower pump motor was monitored 
by observing readings on a power analyzer, wh i le  the screw r o t a t i o n a l  speed 
was monitored w i t h  a tachometer. (Tzihometer readings were displayed i n  
a i g i t a l  form on a meter a t  f l o o r  l eve l  .) The pressure d i f f e r e n t i a l  across the 
pump and seal kc; monitored by observ i r~g readings on a pressure gage mounted 
on the receiver  vessel. 
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PRELIMINARY ,TESfS 
Prel  lmfnary tes ts  w i t h  zero gas pressure d i f f e r e : r t i a l  across the pump 
were conducted wi th both the 4-114" x 4-114'' p i t c h  screw and the 3-114" r 
3" p i t c h  screw operat inq a t  each o f  two ro ta t i ona l  speeds (1160 rpm and 
570 rpm). These tes ts  were conducted w i t h  v a r i o u ~  lengths o f  smooth c t r a i g h t  
p ipe downstream o f  the pump t o  form the seal enclosure f o r  the  extruded feed 
mater ia l .  Seal lengths tested ranged up t o  the maximum values which could be 
obtained w i t h  the t e s t  setup. 
The r e s u l t s  o f  the pre l iminary tes ts  l e d  t o  the fo l l ow ing  observations 
(a de ta i l ed  presentat ion o f  r e s u l t s  can be found i n  Referen:e 1): 
1) For re la t i ve l J#  "new* -?,/4" coal and the range o f  moisture contents 
observed ( less  than 5%),  the mbximum feasib le seal lengtk i s  about 
10 inches f o r  both scraSrs and both screw r o t a t i o n a l  speeds. (This 
length i s  considerably shorter than what one might expect on the 
basis o f  the r e s u l t s  o f  the mater ia ls  proper t ies tests.) 
2) For both screws and both screw r o t a t i o n a l  speeds, pump power 
consumption i s  r e l a t i v e l y  s i m i l a r  and i n  general, var ies only  
moderately w i t h  seal length  f o r  lengths less than 10 inches 
( a t  t h i s  length, pump power consumption general ly  tends t o  r i s e  
r a p i d l y  beyond the  40-horsepower r a t i n g  o f  the pump motor, 
necessi tat ing shutdown). 
3) The coal feed r a t e  (weight per t ime) appears t o  be b a s i c - l l y  a 
func t ion  o f  feed mater ia l  density,  In<;-eased ~ i s t u r e  content 
(again i n  the  range o f  observed vaiues; I S  associated k i t h  Ge- 
creased feed mater ia l  densi ty  and decreased feed rates.  To a 
lesser  extent, cop7 recycl  i n s  i s  associated w i t h  increased feed 
matsr ia l  dens-ity .'through the prodlrction o f  f!ner s i r e  a i s t r i b u -  
t i o n )  and increased feed rates. I t  ~ i 1 0 3 l d  be noted here tha t  
some o f  the e f f e c t  o f  moisture content I?!! f e d  r a t e  nisi be 
a t t r i b u t a b l e  t o  b r idg ing  of ,'.he coal i n  the feed hopper o f  the 
Ful ler-Kinyon pump arJ resu l tav t  r e s t r i c t 4 w  i n  the supply of 
feed mater ia l  t o  the pump i t s e l f .  
4) For the same feed mater ia l ,  there appears t o  be T i t t l e  d i f f ~ r e n c e  
between the two screws I n  terms of the feed r a t e  t o  he rxpecled at, 
the two screw r o t a t i o n a l  speeds and various scal lengtns. 
5) For the - same feed material, the feed ra te  a t  various seal lengths 
i s  somewhat higher f o r  both screws a t  a screw ro ta t iona l  speed of 
1160 rpm. 
TESTS WITH PRESSURE DIFFERENTIAE* 
Since the data from the preliminary tes ts  provided l i t t l e  i f  any d i f f e r -  
ent ia t ion between the two screws tested, the 3-114" x 3" p i t c h  screw was 
chosc? f o r  t ~ z  : with gas pressure d i f f e ren t i a l s  across the pump ( a t  least  
. i n i t i a l j y ) ,  pr imar i ly  because i t s  smaller p i t ch  and larger number 3 f  screw 
f l i g t ' s  should enhance whatever pressure sealing e f fec ts  occur w i th in  the 
screw i t s e l f  . 
I n i t i a l  tes ts  were conducted a t  screw ro ta t iona l  speeds o f  1160 rpm and 
570 rptn w i t h  extruded material seals fbrmed i n  various lengths (9 inches o r  
less) o f  s t ra ight  4-inch diameter pipe downstream o f  the 4-inch Ful ler-Kinyon 
pump. These tests were conducted w i th  a coal/limestone mixture and were 
1 imited by higher than expected pump power consumption t o  pressure d i f fe ren t ia l s  
less than 15 psi. 
Divergent truncated cone t e s t  section number 1 was then designed and 
fabricated f o r  use i n  place o f  the s t ra igh t  pipe as a seal enclosure (see 
Figure 6 and 7). Tests w i th  t h i s  t e s t  section were l im i ted  by pump power 
consumption t o  pressure d i f f e ren t i a l s  less than 10 ps i  f o r  a screw ro ta t iona l  
speed o f  1160 rpm. (Tests were performed w i th  both the coal/limestone 
mixture and also -1/4" coal .) However, the comparatively high feed rates 
observed a t  zero pressure d i f fe ren t ia l  indicated tha t  the t e s t  section it- 
s e l f  introduced very low resistance t o  the feed material extrusion process. 
* A detai led presentation of  resu l t s  can be found i n  Reference 1, wi th  the 
exception o f  the resu l t s  f o r  the 1-112" x 1-112" p i t ch  screw, which are 
presented i n  Reference 2. 
Flgure 6 Divergent Truncated Cone Test Section Number 1 

Further tests (again w i th  t es t  section number 1)  were conducted a t  a 
screw ro ta t iona l  speed o f  570 rpm. These tes ts  were 1 i m i  ted by pump power 
consumption t o  pressure d i f fe ren t ia l s  less than 40 ps i  i n  one sequence, 35 
ps i  i n  another, and somewhat less than 70 ps i  i n  a t h i r d  ( i n  t h i s  case blow- 
back through the pump became a frequent occurrence). Higher than expected 
pump power consumption was once again observed during these tests together 
w i th  a dramatic decline i n  feed ra te  w i th  increasing pressure d i f f e ren t i a l .  
A f ter  these tests, the t es t  setup was p a r t i a l l y  disassembled f o r  in -  
spection. s ign i f icant  wear was noted on the terminating f l i g h t  o f  the 3-114" 
x 3" p i t ch  screw but not i n  the barrel  1 iner t o  the pump or i n  the divergent 
truncated cone t es t  section. (The screw wear noted i s  shown i n  Figure 8.) 
This wear was not en t i re l y  surprising i n  l i g h t  o f  the f ac t  that  the f l i g h t s  
o f  t h i s  screw d id  not have the normal hard-facing. !Jhile such wear had not  
been found on the 4-1/4" x 4-1/4" p i t ch  screw (also without hard-facing), i t  
had also not been used for tes ts  w i th  pressure d i f fe ren t ia l s .  
It looked as i f  the worn p r o f i l e  o f  the terminating f l i g h t  o f  the screw 
could have led t o  s ign i f i can t  wedging o f  feed material against the barrel  
1 iner  and wall  o f  the t es t  section and also could have been conducive t o  
blow-back. For t h i s  reason, i t was decided t o  continue tes t ing w i th  the 
4-114" x 4-1/4' p i t ch  screw while a t  the same time rebui ld ing and hard- 
facing the 3-114" x 3" p i t c h  screw f o r  fur ther  tes t ing l a t e r  on. 
Ten more tests were then conducted, 4 tests w i th  the 4-1/4" x 4-114" 
p i t ch  screw and 6 tes ts  w i th  the 3-114" x 3" p i t ch  screw a f t e r  i t had been 
rebui 1 t and hard-faced. Results were very disappointing: tests w i t h  bcth 
screws were l imi ted t o  pressure d i f f e ren t i a l s  o f  approximately 30 ps i  o r  
less, pump power consumption was observed t o  r i s e  rap id ly  and almost l i nea r l y  
wi th increasing pressure d i f fe ren t ia l ,  and s ign i f i can t  heating o f  the pump 
housing (barrel )  and t e s t  section occurred i n  the v i c i n i t y  o f  the terminating 
f l i s h t  o f  each screw. This heating was not s ign i f i can t l y  affected when, f o r  
some o f  these tests, the barrel was extended t o  obtain an addi t ional  one-inch 
straight-pipe length between the terminating screw f l i g h t  and the entrance t o  
the divergent truncated cone t es t  section. Inspection o f  the 4-1/4" x 4-1/4" 
p i t ch  screw a f t e r  tes t ing indicated the beginning o f  the type o f  wear pre- 
viously observed f o r  the 3-1/4" x 3" p i t ch  screw. The l a t t e r  screw showed no 
wear a f t e r  testing, presumably as a resu l t  o f  the hard-facing. 
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The conclusion cAr a l l  t h i s  was bas i ca l l y  t h a t  the  worn-down vers ion o f  
the 3-1/4" x 3 '  p i t c h  screw had apparent ly permit ted successful t e s t s  a t  
higher pressure d i f f e ren t i a l s .  A terminat ing f l i g h t  s i m i l a r  t o  t h a t  o f  a 
wood screw apparently l ed  t o  performance super ior  t o  t ha t  obtained w i t h  the 
standard design. 
Because o f  the evidence o f  s i g n i f i c a n t  loading being t ransmit ted t o  the 
terminat ing f l i g h t  o f  the screw dur ing tes ts  invo lv ing  pressure d i f f e ren t i a l s ,  
two approaches were then taken t o  a1 l e v i a t e  the a x i a l  loading t ransmit ted t o  
the screw as a r e s u l t  o f  seal enclosure wa l l  f r i c t i o n .  The f i r s t  approach 
involved conducting a number o f  t es t s  w i t h  a modif ied version of the  divergent 
truncated cone t e s t  sect ion used previously.  Holes were tapped i n t o  the wa l l  
o f  the t e s t  sect ion i n  order t o  permit  j e t t i n g  o f  n i t rogen i n t o  the t e s t  
sect ion a t  various pos i t ions  along i t s  length dur ing t e s t i n g  (see Figure 9). 
I t  was thought t h a t  the effect ive cone length could be reduced through down- 
stream gas " lubr ica t ion"  a t  the wa l l  and p a r t i a l  f l u i d i z a t i o n  o f  the  extruded 
feed material .  Tests w i t h  t h i s  arrangement were marginal ly  successful i n  
t h a t  some increase was noted i n  the pressure d i f f e r e n t i a l s  which could be handled 
by the system. However, feed ra tes  were observed t o  decrease s i g n i f i c a n t l y  
w i t h  these increasing pressure d i f f e r e n t i a l s .  
The second approach involved t e s t i n g  w i t h  a new divergent t runc i  2d cone 
t e s t  sect ion ( t e s t  sect ion number 2) having a cone angle o f  about 24' i n  
contrast  w i t h  the 6' angle o f  the previous t e s t  section. Test sect ion number 
2 i s  shown i n  Figures 10  and 11. 
Results were bas i ca l l y  s im i l a r  t o  those f o r  the previous t e s t  sect ion 
( t e s t  sect ion number 1) i n  the sense t h a t  f u l l  pump power consumption was 
reached a t  a pressure d i f f e r e n t i a l  o f  about 35 ps i  (again f o r  the  3-1/4" x 
3" p i t c h  screw operat ing a t  a r o t a t i o n a l  speed o f  570 rpm). Once again a 
very 1 inear  increase i n  power consumption was noted w i t h  increasing pressure 
d i f f e r e n t i a l .  The most i n te res t i ng  r e s u l t  was the observation that ,  f o r  
pressure d i f f e r e n t i a l s  between 35 ps i  and 40 ps i ,  pump power consumption 
dropped by about 50% w i t h  no apparent change i n  mater ia l  f l ow  r a t e  o r  smooth- 
ness o f  operation. Blow-back occurred on both o f  these tes ts  a t  a pressure 
d i f f e r e n t i a l  s l i g h t l y  above 40 psi .  
Figure 9 Divergent Truncated Cone Test Section Number 1 - 
Air Jet Locations f o r  Test Numbers 90-106 
Figure 10 Divergent Truncated Cone Test Sect;on Number 2 

The observed drop i n  power consumption appeared t o  i n d i c a t e  t h a t  leakage 
back through t he  screw had l ed  t o  f l u i d i z a t i o n  o f  the  feed ma te r i a l  i n  the 
hopper and the 2ump b a r r e l ,  thus reducing ?ewer consunrpt n i n  t h i s  r eg ion  by 
reducing ma te r i a l  w a l l  f r i c t i o n .  The f a c t  t h a t  blow-back was observed a t  a  
pressure d i f f e r e n t i a l  s l  i g h t l y  above 40 p s i  terrded t o  support the possi  b i  1  i t y  
t h a t  a  p recar iods ly  balanced f l u i d i z a t i o n  s i t u a t i o n  cou ld  have ex i s t ed  a t  
s l i g h t l y  reduced pressure d i f f e r e n t i a l s .  
A t  t h i s  p o i n t  t he  t e s t s  were stopped f o r  eva lud t ion  of the  r e s u l t s  obtained, 
p r i o r  t o  f u r t h e r  t e s t i n g .  P r i m a r i l y  i n  an e f f o r t  t o  reduce power requirements 
and a t  the  same t ime increase the e f f e c t i v e  seal which could be obtained, two 
major changes were decided upon. F i r s t  the  pump's normal ly  smooth b a r r e l  
l i n e r  was replaced w i t h  a  f l u t e d  b a r r e l  l i n e r  ( i l l u s t r a t e d  i n  F igure 12).  I t  
was theor i zed  t h a t  t h i s  f l u t e d  ba r re l  l i n e r  would he lp  t o  cons t ra i n  t he  feed 
ma te r i a l  f rom r o t a t i n g  w h i l e  enhancing i t s  a x i a l  movement, thus inc reas ing  
t he  e f f i c i e n c y  o f  the pump. Second, a  s ign i f i ca r , l y  smal ler  p i t c h  screw was 
fabr i ca ted ,  nainely a  1-1/2" x  1-112" cons tan t -p i t ch  screw. While the d i s -  
placemeqt r a t e  f o r  t h i s  screw would be s i g n i f i c a n t l y  less  than t h a t  o f  t he  
screws p rev i cus l y  tested, increased d i  splacement e f f i c i e n c y  was expected due 
t o  t he  reduced h e l i x  angle f o r  t h i s  screw. Furthermore, the  p o t e n t i a l  f o r  
blow-back was expected t o  be reduced due t o  t he  increased number o f  f l i g h t s  
f o r  t h i  scren. 
The combination o f  t h i s  screw and the  f l u t e d  b a r r e l  l i n e r  was used through- 
ou t  t he  remainder o f  the  t es t s .  These t e s t s  were a l s o  conducted w i t h  newly 
obtained coal  having much h igher  mois ture contents than t he  coal  used f o r  
prev ious t es t s .  Mois ture contents genera l l y  vat-led from 9% t o  13%, i n  com- 
par ison w i t h  previous mois tbre contents  which were l ess  than 5%. 
Tests were f i r s t  perforf led with both d ive rgen t  t runcated cone t e s t  
sect ions and w i t h  s t r a i gh t -p i pe  sect ions of var ious lengths.  I n  comparison 
w i t h  t he  r e s u l t s  obtained p rev ious ly ,  these t e s t s  y i e l d e d  r e l a t i v e l y  s i m i l a r  
r e s u l t s  ( i n  a l l  respects)  f o r  the  two d ive rgen t  t runcated cone t e s t  sect ions 
and somewhat inproved r e s u l t s  f o r  s t r a i g h t - p i p e  seals .  With respect  t o  the  
l a t t e r ,  successful  opera t ion  w i t h  a  seal ;ength o f  10 inches was achieved up 
t o  pressure d i f f e r e n t i a l s  o f  about 70 ps ig ,  a t  which blow-back became a 
l i m i t i n g  f a c t o r  ( c l ose  t o  maximum pump power was a l so  requ i red  a t  t h i s  pressure 
d i f f e r e n t i a l ) .  

I n  an e f f o r t  t o  extend the  seal l eng th  beyond 10 inches, f i r l a1  t e s t s  
were then conducted w i t h  seal enclosures cons i s t i ng  o f  combinations o f  
var ious lengths o f  s t r a i g h t  p ipe dnd one o r  t h e  o ther  o f  t he  d ive rgen t  
t runcated cones. (Feed ma te r i a l  would t r a v e l  through t he  ~ t r d i g h t  p i pe  i n t o  
one o f  t he  cones i n t o  t h e  r e c e i v e r  vessel.) The m a j o r i t y  o f  these t e s t s  were 
performed w i t h  d ive rgen t  tr uncated cone t e s t  sec t ion  number 1 and lengths of 
s t n i g h t  p ipe  va ry ing  from 6 t o  7-1/2 t o  9 inches. ( A l l  o f  these t e s t s  were 
performed a t  a screw r o t a t i o n a l  speed of 570 rpm.) 
C 
For t h e  6 and 7-1/2-inch lengths,  t e s t s  were l i m i t e d  by blow-back t o  
pressure d i f f e r e n t i a l s  o f  approximately 40 p s i g  and 55 ps ig ,  r espec t i ve l y .  
(Pump power requirements, whi 1 e observed t o  increase w i t h  inc reas ing  pressure 
d i f f e r e n t i a l ,  remained r e l a t i v e l y  low.) For t he  9- inch l eng th  ( t h e  l a s t  t e s t  
performed), successful  pump opera t ion  occurred f o r  pressure d i  f f e r e n t i  a1 s up 
t o  90 ps i ,  a t  which the feed r a t e  through t h e  pump began t o  surge somewhat, 
i n d i c a t i n g  t h a t  blow-back was most 1 i k e l y  imr~linent. Once again, pump power 
requirements, w h i l e  observed t o  increase w i t h  increas ing pressure d i f f e r e n t i a l ,  
remained r e l a t i v e l y  low, reaching 33 horsepower a t  90 p s i .  In a d d i t i o n  t o  
t h i s  r e s u l t ,  the  feed r a t e  f o r  t he  pump remained r e l a t  .e l y  constant  through- 
ou t  t he  course o f  t h i s  t e s t  (wh i le  pressure d i f f e r e n t i a l s  were increased! and 
a t  a va lue c l ose  t o  t h a t  expected fo r  very low pressure d i f f e r e n t i a l s .  
Th is  l a s t  r e s u l t  was considered most impor tant  s ince  i t  app?ared t o  
i n d i c a t e  t h a t  the  subs tan t i a l  o v e r a l l  seal l eng th  u t i l i z e d  (19 inches) had 
made i t  poss ib le  t o  counteract  the  phenomenon o f  decreasing feed r a t e  w i t h  
inc reas ing  pressure d i f f e r e n t i a l  noted du r i ng  prev ious t es t i ng .  However, 
s ince  t he  90-psi pressure d i f f e r e n t i a l  reached a l so  appeared t o  be c l ose  
t o  producing blow-back w i t h  t h i s  s?al and c l ose  t o  r e q u i r i n g  pump power i n  
excess o f  t h a t  ava i lab le ,  i t  a l so  appeared t h a t  f u r t h e r  t e s t s  a t  pressure 
d i f f e r e n t i a l s  o f  t h i s  order and h igher  would have t o  be conducted w i t h  some- 
what longer  seals and g rea te r  pump power than t h a t  c u r r e n t l y  ava i lab le .  I t  
was a l s o  f e l t  t h a t  t h i s  would be an even s t ronger  requirement f o r  t e s t s  w i t h  
d r i e r  coal ,  such as t h a t  used f o r  t e s t s  p r i o r  t o  these most recen t  tes ts .  
As a r e s u l t ,  t e s t i n g  was stopped a t  t h i s  po in t .  
CONCLUSIONS AND RECOMMENDATlO!iS 
The major r a s u l t s  o f  t h i s  , . Y  . 'ect can be summarized as f o l l ows :  
1) S:lccessful operat ion o f  a mod i f ied  4 - i  nch diameter Ful  l e r -K i  nyon 
pump was l i m i t e d ,  w i t h  a  few exceptions, t o  pressure d i f f e r e n t i a l s  
osross the pump of 60 p s i  o r  1  ess as a  r esu l  t o f  pump p w e r  r equ i r e -  
ments which exceeded the 40-horsepower r a t i n g  o f  the  pump motor i n  
the  t e s t  setup. Furthermore, opera t ion  w i t h  s t r a i g h t - p i  pe seal  
lengths was i n  general l i m i t e d  * seal lengths o f  10 inches o r  l ess  
f o r  t he  same reason. 
2 )  I f  the  s i g n i f i c a n t  drop i n  pump power consumption observed j u s t  
p r i o r  t o  blow-back dur ing  some o f  the  t e s t s  can be a t t r i b u t e d  t o  
p a r t i a l  f l u i d i z a t i o n  o f  the  feed ma te r i a l  i n  t he  pump bar -e l ,  then 
i t  i s  l i k e l y  t h a t  a  s i g n i f i c a n t  p o r t i o n  of the  norrnally observed 
power consumption a l s o  occurred i n  the b a r r e l .  
3)  The power requ i red  by the  mod i f ied  Fu l ler -K inyon pump appeared t o  
increase l i n e a r l y  w i t h  inc reas ing  pressure d i f f e r e n t i a l  across the 
Pump 
4 )  Power requirements were fc ,~nd t o  be somewhat reduced f o r  a  worn 
ve rs ion  o f  one o f  the  screws tested. 
5) I n  many cases, unaccol!ntably s i m i l a r  r e s u l t s  were obtained f o r  
s i g n i f i c a n t l y  d i f f e r e n t  types o f  seal con f igu ra t ions ,  s i g n i f i  - 
c a n t l y  d i f f e r e n t  screws, and s i g n i f i c a n t l y  d i f f e r e n t  screw 
r o t a t i o n a l  speeds. According t o  Reference 3 ,  explanat ion o f  
h i s  may be r e l a t e d  t o  r e j e c t i o n  o f  feed ma te r i a l  from the  p i ck -  
up f l i g h t s  o f  the  screw i n  the pump hopper (due t o  c e n t r i f u g a l  
forces)  and a l s o  t o  gas i n f i l t r a t i o n  *into the  feed ma te r i a l  i n  
the  hopper (due t o  leakage back through the pump b a r r e l  when 
operat ing aga ins t  a  gas pressure d i f f e r e n t i a l ) .  
6) Increas ing the  pressure d i f f e r e n t i a l  across t he  modif ied F u l l e r -  
Kinyon pump l e d  t o  a  s i g n i f i c a n t  and apparent ly  l i n e a r  decrease 
i n  t he  feed r a t e  f o r  the pump and, f o r  the l i m i t e d  seal l eng ths  
which could  be tested, an increas ing 1 i k e l  ;:,sod of blow-back 
through the  system. Explanat icq o f  t h i s  mdy a l s o  -2 r e l a t e d  t o  
the  gas i n f i l t r a t i o n  problem c i t e d  p rev ious ly .  
I - .  . . .-- 9. 1 
7) Posi t ive modif icat ion o f  many o f  the above resu l t s  appears t o  be 
possible wi th  longer seals, pa r t i cu la r l y  longer "combination" 
seals (straight-pipe section combined wi th  a divergent truncated 
cone). 
Host o f  these resu l ts  indicate t ha t  i nsu f f i c i en t  power was provided by 
the motor used t o  d r i ve  the modified Fuller-kinyon pump ( i n  par t icu lar  t h i s  
l im i ted  the seal lengths which could be used and therefore the pressure 
d i f ferent ia ls  which could be handled). Interest ingly,  a substantial  increase 
i n  the power consumed by the system would not v io la te  the guiaelines established 
a t  the beginning o f  the project, namely that  overal l  feed system power con- 
sumption should be less than 1% o f  the power eventually generated frcm the 
feed material. I f  we assume for  the moment that  feed rates o f  the order of 
300 lb/min o f  -114" coal can be real ized w i th  the md i f i ed  $-inch diameter 
Fuller-Kinyon pump, then according t o  the guideline, the overal l  feed system based 
on t h i s  pump should operate on something less than 240 horsepower (based on 
power generation o f  1 kwhr per pound of coal). Thus, i t  would be en t i r e l y  
reasonable t o  increase the power avai lable t o  operate the modified 4-inch 
Fu l l  cr-Ki nyon pump. 
It therefore i s  recomnended tha t  further tes t ing be performed w i th  the 
substantial t es t  setup which i s  presently available, i n  conjunction wi th  
replacing the 40-horsepower pump motor presently i n  the t e s t  setup w i th  a 
motor having a s ign i f i can t l y  higher power rat ing.  (This should i n  turn  allow 
pump operation w i th  longer seals and a t  higher pressure d i f f e ren t i a l s  than 
those tested so far.) It i s  also recomnended tha t  i f  t h i s  fur ther  tes t ing i s  
successful, addit ional test ing be performed t o  determine the potent ia l  reduction 
i n  power requirements which might occur as a r esu l t  o f  a l tera t ions i n  screw 
design and the design o f  the pump barrel.  
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